Introduction
The potential to treat neurodegenerative diseases such as Par kinson's disease and traumatic neural tissue injuries relies on external interventions including cell replacement therapies. [1, 2] Embryonic stem cells (ESCs) and induced pluripotent stem cells (iPSCs) provide promising cell sources for neural tissue regeneration, modeling of degenerative diseases, and testing of neurotoxic effects of drugs. [3] [4] [5] [6] In spite of the intense research over the past two decades, the use of stem cells for cell replace ment therapies is hampered by the difficulty of mapping the roles of extrinsic and intrinsic factors and the ability to control www.advancedsciencenews.com www.advhealthmat. de varying the size of ESC colonies alters the concentration of endogenous differentiationinducing soluble factors. [24, 25] A few studies used EB cultures and investigated the effect of stem cell colony size on differentiation efficiency into three germ layers. Larger EBs yielded more cardiac cells while smaller EBs gave greater vascular differentiation. [26] A similar study showed enhanced ectodermal differentiation in smaller EBs, whereas larger EBs expressed more mesodermal and endo dermal markers. [8] EB sizemediated cell fate was also observed in human ESCs where larger EBs showed greater propensity toward neural lineages, although a heterogeneous cell popula tion resulted due to the use of EB cultures. [27] To date, the effect of colony size on ESC differentiation in ESCsstromal cells cocultures remains unexplored. Our prelimi nary study showed that the expression of a neural lineage dif ferentiation marker, betaIII tubulin, significantly increases in larger ESC colonies, [28] implying that in addition to the differ entiation inducing signals from stromal cells, ESC colony size further regulates the neural differentiation process. To test this hypothesis, we generated defined size ESC colonies on stromal cells and conducted a comprehensive gene and protein expres sion analysis to track the transition of ESCs to specific termi nally differentiated neural cells such as neurons, astrocytes, and oligodendrocytes. A major challenge to systematically study the effect of colony size in this coculture environment is generating ESC colonies of defined sizes over a living layer of stromal cells to allow direct contacts between the two cell types. Methods to control the size of EBs using forced aggregation, encapsulating cells in hydrogels, and microfluidics are inadequate to address this need. [29] [30] [31] We addressed this issue using a cell micro printing technology based on a polymeric aqueous twophase system (ATPS) with polyethylene glycol (PEG) and dextran (DEX) as phaseforming polymers. We robotically localized ESCs in an aqueous DEX phase nanodrop over a layer of supporting stromal cells immersed in the immiscible aqueous PEG phase. Importantly, the microprinting was noncontact and gentle to maintain full viability of both printed ESCs and stromal cells. Microprinted ESCs proliferated to form standalone colonies of defined sizes and differentiated into neural cells during culture.
We studied differentiation of ESCs in colonies by tracking tem poral expression of neural genes and proteins over a twoweek period and found that increasing the size of ESC colonies signif icantly and sizedisproportionately enhanced neural differentia tion. Thus, this study elucidates the role of a niche parametercolony size-on neural differentiation of ESCs in a controlled microenvironment and provides a potential approach to gen erate neural cells with improved efficiency.
Results and Discussion

Characterization of ATPS Cell Microprinting
Evaluation of colony size effect on neural differentiation of ESCs requires generating individual colonies of defined sizes on stromal cells. We used a noncontact PEGDEX ATPS cell microprinting technology to achieve this. Our first objective was to characterize changes in the DEX phase drop size by varying the volume of the drop dispensed onto a layer of stromal PA6 cells immersed in the PEG phase. We prepared an ATPS with 5.0%(w/v) PEG and 6.4%(w/v) DEX in the cell culture media. Hydrophobic slot pins were mounted on a robotic liquid handler pipetting head and dipped into a source vessel to load the fluorescein isothiocyanate (FITC)labeled DEX solution. The pins were then lowered close to the surface of the PA6 cells monolayer in the PEG phase to allow the FITCDEX phase drops to dispense. The dispensing of the DEX phase drops is autonomous because an ultralow interfacial tension between the two highly aqueous phases is insufficient to hold the DEX phase drops in the pins against the gravitational force. [32] Dis pensing pins of volumes 30, 50, 100, and 200 nL generated drops ranging from 286 ± 59 to 1325 ± 37 µm in average dia meter (Figure 1a) . Printed drop diameter varied approximately linearly (R 2 = 0.9) with the drop volume.
Next, we established an experimental phase diagram to determine a minimum ESC density for a given volume of DEX phase drops to result in a single, compact ESC colony on the stromal cells during incubation. Figure 1f . The hatch area to the right of each volume indicates cell densities that gener ated a single colony, whereas the blank area to the left of each volume shows cell densities that gave multiple colonies. For a given ESC density, decreasing the drop volume reduces the dis persion of cells within the drop due to the smaller drop size (Figure 1a ). Based on this set of data, we selected a DEX drop volume of 50 nL containing more than 50 ESCs to form single colonies for the following studies.
Generation of Size-Controlled Colonies and Neural Differentiation
Microprinted mESCs remained partitioned to the DEX phase drops (Figure 2a ) and adhered to the PA6 cells layer within 3 h of printing (Figure 2b ). Unlike other cell printing methods such as inkjet printing or membrane or gelembedded cell printing, [33] [34] [35] the ATPS printing approach does not exert any thermal, mechanical, or chemical stresses on cells. [28] Positive staining of printed mESCs for a pluripotency marker, Oct4, validated this point (Figure 2c ). mESCs rapidly proliferated to Figure S2 , Supporting Information). mESCs showed rapid proliferation over the first week of culture but the size of colonies did not sig nificantly change thereafter (Figure 2f ). This pattern suggests that cells proliferate and transition into a multipotent neural stem and progenitor cell stage during the first week of culture, subsequently acquire neuronal or glial progenitors stage, or ter minally differentiate to neurons, astrocytes, or oligodendrocytes.
Colony Size Effect on Neural Differentiation of mESCs: Protein Expression Analysis
Direct contact between mESCs and stromal PA6 cells was suf ficient to induce neural cell differentiation, without a need for additional chemicals such as retinoic acid. Neural cellspecific markers were detectable in colonies of mESCs starting from the fourth day of culture and neurite processes emerged from differentiating cells. Expression of neural cell proteins was detected using immunocytochemistry and quantified using image processing techniques.
Neural Stem and Progenitor Cell Markers
Fluorescent intensity measurements of colonies immu nostained with neural stem and progenitor cell markers TUJ, Nestin, and NCAM over the twoweek period of coculture showed a rapid rise in the expression of all three proteins. Figure 3a -c shows TUJstained colonies of three different sizes on day 8. Evidently, the large colony has longer and denser neural processes extending out from its periphery compared to the medium and small colonies. The magnified image shows the high density of the neurite bundles of the large colony ( Figure 3i ). Since TUJ expression was primarily concentrated at the periphery of the colonies, the net fluorescent intensity measured with each colony was normalized against its perim eter to compare the protein expression among colonies of different sizes (Figure 3d ). TUJ levels were consistently and sig nificantly higher in the mediumsized colonies than the small colonies starting from day 6 and at each subsequent measure ment day. The large colonies also showed significantly greater TUJ expression than the mediumsized colonies. Normalizing the data with respect to colony area or the number of cells per colony also gave similar results (data not shown). In addition, using an adaptive thresholding method, TUJpositive colonies were analyzed for their total neurites density that accounted for both the length and thickness of the neural processes. Unlike fluorescent intensity measurements, the adaptive thresholding method is not sensitive to the intensity variations within an image and thus, is a more objective method of quantification of fluorescent images. Consistent with results from the fluores cent intensity measurements, neurites density of each colony significantly increased up to day 8 but remained unaltered in the second week of culture (Figure 3e-g ). Comparing the three colony sizes also showed that normalized neurites density sig nificantly increased by increase in the colony size for the dura tion of culture (Figure 3h ). Moreover, our measurements of neurites length by manual tracing of the processes (shown in purple in Figure 3j ) showed that larger colonies on average had longer neurite extensions (Figure 3k ).
Fluorescently labeled Nestinpositive differentiated cells were more abundant with increase in the size of colonies (Figure 4a-c) . These cells were mainly distributed at the periphery of the colonies and therefore, the measured fluores cent intensities were normalized against the perimeter of the colonies to make quantitative comparison of Nestin expression among the three colony sizes. We note that unlike TUJ staining that marked neural processes, Nestin marked the cell bodies ( Figure S3a , Supporting Information). Thus, we limited our analysis to the measured fluorescent signal intensity. Compared to the small colonies, Nestin expression was significantly higher in the mediumsized colonies throughout the experimental period. The expression of Nestin further enhanced in the large colonies and except for day 6, the large colonies showed signifi cantly greater Nestin expression than the mediumsized colo nies throughout the twoweek culture (Figure 4d ). Normalizing the data with respect to colony area or the number of cells per colony also showed significant increase in Nestin expression with increase in colony size (data not shown). The fluorescent signal from NCAMpositive cells was mainly generated from the cell bodies within the colonies (Figure 4e-g ). To compare NCAM expression among the three colony sizes, the measured fluorescent intensity was normalized against the area of each respective colony. Overall, increase in the colony size led to greater NCAM expression (Figure 4h ).
Key conclusions of the above protein expression study are as follows: (i) Continuous increase in the expression of promi nent neural stem/progenitor cell proteins, neurites density, and average neurites length indicates axonal development and neurites extension by differentiating mESCs; (ii) the plateau in the expression of the protein markers of neural cells after day 8 suggests that differentiating cells transition past their progen itor stage toward specific neuronal or glial cells; [36] and impor tantly, (iii) larger mESC colonies show sizedisproportionately enhanced expression of the neural proteins.
Specific Neural Cell Markers
We immunostained the colonies for specific cells of the cen tral nervous system dopaminergic neurons, astrocytes, and oligodendrocytes using TH, GFAP, and CNPase, respectively. This analysis was done only during the second week of culture to allow the differentiating cells to acquire the specific traits. Expression of TH was quantified by counting the number of positively stained cells and showed a significant increase in all www.advancedsciencenews.com www.advhealthmat.de colonies over time with the large colonies containing the highest number of THpositive cells (Figure 5a-d) . Expression of GFAP was quantified through fluorescent intensity measurements. Although cells in all three colony sizes showed positive staining, only the large colony had a significant rise in GFAP expression over time. Additionally, the colony size effect on GFAP expres sion became more pronounced on day 14 with the large colony containing 2.5folds and 3.7folds greater GFAPexpressing cells than the medium and small colonies, respectively (Figure 5e-h and Figure S3b , Supporting Information). CNPase expression was also quantified by counting the number of cells stained positive in each colony. All three colony sizes showed greater number of oligodendrocytes over time, with the large colony containing markedly higher number of CNPasepositive cells (Figure 5i-l) . We note that TH and CNPaseexpressing cells were mainly detected in the peripheral regions of colonies and the relatively small number of counted cells was in part due to the difficulty with visualizing positively stained cells within the colonies that comprised of multiple layers of cells. Nevertheless, these data indicate that differentiation of mESCs into specific neural lineages can be reproducibly induced due to signaling with the stromal cells in a process that closely mimics embry onic neural differentiation, but importantly, the size of mESC colonies further modulates this process. [37] We recognize that quantification of protein expression based on fluorescent intensity measurements of immunostained samples is a semiquantitative method; however, our approach to normalize the measured fluorescent intensity with respect to imaging magnification and exposure time ( Figure S1 , Sup porting Information), and validation of results with additional image processing techniques such as adaptive thresholding and neurites length measurements, ensured reliable quantita tive comparisons of protein expression among different colony sizes. To further substantiate the validity of the protein quan tification based on the analysis fluorescence images, we per formed Western blot analysis of select neural and glial marker proteins TUJ, Nestin, and GFAP. We used stromal PA6 cells as a negative control to ensure that these proteins are expressed by differentiating mESCs in the coculture niche, and not by PA6 cells. Our Western blot results corroborated well the fluores cencebased data quantification and showed greater expression of the proteins with increase in the colony size (Figure 6a-d) . Collectively, our immunofluorescencebased quantification of protein expression and the Western blot analysis establish that the size of stem cell colonies in coculture with stromal cells is a major niche parameter that regulates the neural differentiation process.
Colony Size Effect on Neural Differentiation of mESCs: Gene Expression Analysis
Next, we investigated gene level regulation of colony size effect on neural differentiation of mESCs using a temporal gene expression study. mRNA samples were obtained daily from small, medium, and large colonies for a duration of two weeks to measure the expression levels of select gene markers of pluripotency (Oct4), neural stem cells (Nestin), neural pro genitor cells (TuJ), and dopaminergic neuronal cells (TH). On each day, qPCR was performed on three experimental replicates for each colony size. And for each experiment, 14 samples were obtained daily over the twoweek culture period. Using GAPDH and βactin as reference genes and undifferentiated mESCs as the negative control, ΔΔC t values were calculated and fold change values were represented as 2 −ΔΔCt . [38] Consistent with the protein expression study, the neural genes showed the highest mRNA fold change in the large colo nies, followed by the medium and small colonies. (Figure 7d ). It is evident from these heatmaps that the larger colonies showed a greater fold change for Nestin, TuJ, and TH as depicted by the darker shades of red in the corresponding heatmaps. Another key conclusion from Figure 7 is that the gene expres sion trajectory was similar in all three colony sizes. Oct4 expres sion steadily decreased over time, Nestin expression rose to a peak level around days 6-10 and declined thereafter, whereas the gene expression of markers of neural progenitor and spe cific neural cell lineages, TuJ and TH, continuously increased throughout the culture time. These results are consistent with the role of these markers in terms of loss of pluripotency (Oct4), commitment to a neural type (Nestin and TuJ), followed by differentiation into specific neural cell lineages (TH).
Next, we performed a statistical analysis on the gene expres sion data. As Oct4 expression quickly downregulated with min imal differences among the three colony sizes (Figure 7a) , it was not considered for statistical analysis. Nestin showed mini mal expression during the first 5 d of culture but showed tran sient elevation afterward, whereas TuJ and TH showed a steady and significant expression increase during the second week of culture. This is consistent with our previous study that showed high Nestin gene expression precedes the expression of TuJ and TH genes. [39] To enable a direct statistical comparison between different colony sizes, the temporal fold change data for Nestin was averaged from days 6 to 14 and the temporal fold change data for TuJ and TH were averaged from days 7 to 14. The results were then subjected to oneway ANOVA. This analysis showed that the expression levels of Nestin, TuJ, and TH were all significantly higher in large colonies compared to the medium and small colonies (Figure 7e-g ). Although a clear increase was also seen in temporal gene expressions levels in the mediumsized colonies compared to the small colonies ( Figure 7b-d) , the difference was not statistically significant. We observed significant experimenttoexperiment variations in the expression of selected genes during differentiation of mESCs ( Figure S4 , Supporting Information), potentially masking statistically significant differences between the expres sion of these genes when comparing the small and medium colony sizes. Unlike the gene expression data, all neural proteins showed disproportionately higher protein expression levels with increase in the colony size (Figures 3-5) , indicating that mRNA levels cannot be used as surrogates for corresponding protein levels. Apart from transcription, key processes such as mRNA decay, translational efficiency, and protein degradation deter mine the protein expression levels in cells, thereby limiting the proportionality between gene and protein levels. [40] A study by Tian et al. on EML cell lines found that 35% of the studied factors showed significant changes at a protein level but not at the mRNA level. [41] Schwanhäusser et al. found a correla tion factor of only 0.41 between mRNA and protein level. [42] The significant increase of Nestin and TuJ expression at a protein level with increasing colony size indicates high trans lational efficiency and the stability of these structural proteins in differentiating cells. [43] Higher expression of TH that implies greater number of neurons were generated in the large colony configuration. At a protein level, greater number of THposi tive neuronal cells were counted in the mediumsized colonies compared to the small colonies (Figure 5d) , potentially due to a richer neural stem cells content in the former configuration that leads to greater levels of specific neuronal cells.
ESCs utilize paracrine and autocrine signaling to commu nicate with their surrounding cells, selfrenew, and influence their own differentiation fate. [44, 45] In this study, we modulated the intercellular interactions among the differentiating mESCs by controlling the size of mESC colonies and evaluated the resulting changes in the efficiency of neural differentiation. Metabolites of mESCs contain growth factors, transcription fac tors, morphogens, and activins with important roles in regu lating neural differentiation. [25, 45, 46] Our previous study identi fied a set of soluble factors secreted by differentiating mESCs that significantly enhance the yield of neural cells. [25] Greater concentrations of these factors with increase in the stem cell colony size are potentially responsible for the resulting dispro portionate enhancement in neural differentiation of mESCs. Parnas and Linial also observed a similar increase in neuronal cell development and maturation in terms of axonal outgrowth, synapse formation, and neurotransmitters secretion by increase in the cell density. [47] It is important to note that mESC colonies of different sizes were exposed to similar levels of paracrine fac tors of PA6 cells because of identical number of the stromal cells used. Therefore, the role of stromal cellsmediated parac rine induction of neural differentiation is expected to be similar for all colony sizes and that, colony sizemediated enhancement of neural differentiation is due to selfregulation of differenti ating mESCs.
The mESCsmediated selfregulation of neural differentia tion is most likely due to surface bound and soluble secreted factors. [15] Several studies have reported that surface molecules as well as soluble signaling molecules mediate regulatory mechanisms to determine the fate of stem cells. For example, membranebound molecules such as Ecadherin, galectin, inte grins, and proteoglycans as well as secreted factors such as epi dermal growth factors (EGF) and basic fibroblast growth factor (bFGF) regulate proliferation and selfrenewal of neural stem cells. [48] [49] [50] Interestingly, in an experiment to investigate the influence of cell density on the generation of neural stem cells, Tropepe et al. found that under high density plating conditions, EGFmediated mitogenic effects were more dominant than bFGFmediated mitogenic effects but low cell density plating reversed this observation. [50] Collectively, these data support our finding that increasing the size of colonies of mESCs micro printed on stromal cells has a compounding effect to enhance differentiation to neural cells.
Conclusions
We used a cell microprinting technology to generate standalone mESC colonies of defined sizes on a layer of stromal cells to elucidate the impact of colony size on neural cell differen tiation. Increasing the size of mESC colony disproportionately enhanced differentiation to neural cells. Larger colonies dis played greater expression of protein markers of neural cells and extended longer neurite processes. Temporal gene expression analysis of neural gene markers showed differential expression levels in different colony sizes wherein large colonies showed higher expression levels compared to medium and small colony sizes throughout the twoweek culture period. Thus, our study offers a mechanistic understanding of the unexplored role of a niche parameter of stem cells, that is, colony size, on genera tion of neural cells. This study provides an approach to engineer an efficient ESC microenvironment to obtain neural precursor cells for potential use in translational research that may eventu ally lead to regenerative therapies of neurodegeneration. Microprinting of mESCs onto Stromal Cells: PEG (M w : 35 kDa) and DEX (M w : 500 kDa) were dissolved in the differentiation medium at concentrations of 5.0% (w/v) and 12.8% (w/v), respectively. [32] mESCs were suspended in an equal volume of the medium and the DEX phase solution to yield a desired cell density and reduce DEX concentration to 6.4% (w/v). Different slot pins with volumes of 30, 50, 100, and 200 nL and the cell densities of 25, 50, 100, 250, 500, and 1000 cells/droplet were used to generate mESC colonies through microprinting of mESCs on the feeder stromal cells, to generate the phase diagram (Figure 1f ). Cell densities of 2 × 10 3 , 5 × 10 3 , and 1 × 10 4 cells µL −1 (i.e., 100, 250, and 500 cells per 50 nL) were used to generate mESC colonies of three distinct sizes for differentiation studies. The mESCs-DEX phase suspension was loaded into a 384-well plate (source plate). A liquid handler (SRT Bravo, Agilent) was used to load 50 nL of the suspension into slot hydrophobic pins (VP Scientific) (Figure 1b) . The pins were then slowly lowered into a 35 mm Petri dish containing a monolayer of PA6 cells immersed in 1 mL of the PEG phase solution (Figure 1c) . The DEX phase containing mESCs autonomously dispensed from each pin and formed a drop on the PA6 cell layer (Figure 1d ). The mESCs adhered to the PA6 cells (Figure 1e ). Polymeric solutions were replaced with fresh differentiation medium after 3 h of incubation. Cultures were maintained in the differentiation medium for 8 d and with 1× N2 supplementation for an additional 6 d (Life Technologies). Nine mESC colonies of similar size with a center-to-center spacing of 9.0 mm were generated in 35 mm Petri dishes and cultured for 14 d.
Experimental Section
Maintenance of Cells and Preparation of Stromal
Immunofluorescence and Imaging: For immunocytochemistry, mESC colonies were fixed in 3.7% formaldehyde on days 4, 6, 8, 11, and 14 
The fluorescent intensity was normalized against the exposure time and imaging magnification to compare data among images taken from different sizes of mESCs colonies and on different days. A detailed description of the normalization process is included as the Supporting Information. Furthermore, the net fluorescent intensity of each marker protein from each colony was normalized against the circumference of the colony for unbiased comparison among colonies of different sizes.
Additionally, neural differentiation of mESCs colonies stained with TUJ was quantified using an adaptive thresholding plugin in ImageJ. Each image containing a colony was converted to a binary image. Neurites density resulting from the colony, defined as the total white pixels count considering both length and thickness of neurites, was computed. The colony was cropped out from each image after thresholding and then total neurites density was determined from the portion of the image containing only neural processes. Furthermore, an average neurite length was measured for each colony by tracing ten random processes in images using a NeuronJ plugin in ImageJ.
Western Blot of Marker Proteins: Total protein was quantified for each sample using BCA quantification assay kit (Life Technologies). Then, equal amount of protein from each sample was load onto a gel (Biorad) for electrophoresis. After transferring the proteins onto nitrocellulose membranes, the membranes were blocked with 5% BSA (Sigma) and probed with the primary antibodies: rabbit monoclonal class III β-tubulin (TuJ, Cell Signaling), affinity purified chicken Nestin (Neuromics), and affinity purified chicken GFAP IgY (Neuromics). Horseradish peroxidase (HRP)-conjugated secondary antibodies (Cell Signaling) and ECL chemiluminescence detection kit (GE Healthcare) were used to visualize the blots with FluorChem E imaging system (ProteinSimple). GAPDH (Cell Signaling) was used as a loading control and lysate from monolayer of PA6 cells was used as negative control to ensure detected proteins represent differentiating mESCs.
Gene Expression Analysis: Experimental samples were lysed every day for two weeks using a TRK lysis buffer (Omega Biotek) and homogenized by passing through homogenizer mini columns (Omega Biotek). Total RNA was isolated from the samples using an RNA isolation kit (Omega Biotek). DNase was removed using RNase-free DNase kit (Omega Biotek). Purity and concentration of isolated RNA was assessed using OD 260/280 spectrophotometry (Synergy H1M, Biotek instruments). cDNA was synthesized from 1 µg of total RNA using random hexamer primers (Roche).
Real-time q-PCR was performed with a Lightcycler 480 II instrument using a SYBR Green Master Mix (Roche). Briefly, 50 ng of cDNA was combined with forward and reverse primers and the SYBR green Master Mix diluted to a final volume of 15 µL. The reactions were preincubated at 95 °C for 5 min followed by 45 cycles of amplification, that is, at 95 °C for 10 s, at 60 °C for 10 s, and at 72 °C for 10 s. Specific primer sequences for all the genes investigated are listed in Table S1 (Supporting Information). Expression levels of mRNA for different marker genes were calculated relative to GAPDH and β-actin using the ΔΔC t method and the fold change in mRNA expression was determined according to the 2 −ΔΔCt method.
Statistical Analysis: All experiments were performed in duplicates for immunostaining and Western blot and in triplicates for q-PCR. For protein expression analysis using image processing, at least 18 colonies were imaged and analyzed for each colony size. For gene expression analysis, daily expression levels from days 6 to 14 (for Nestin) and days 7 to 14 (for TuJ and TH) were averaged to increase the sample size. Statistical tests were performed using one-way ANOVA and Fisher's post hoc test in Minitab 16 software. All error bars represent mean ± S.E.M. unless stated otherwise. Statistical significance was defined at p < 0.05.
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